Forty-four actin genes from five angiosperm species were PCR-amplified, cloned, and sequenced. Phylogenetic analysis of 34 of these actins, along with those previously published, indicates that angiosperm actin genes are monophyletic and underwent several duplications during evolution. Orthologues have been identified between Solanaceae species, as well as between Solanaceae species and soybean. These sequences were used to calculate nucleotide substitution rates. The synonymous rate (6.96 X 10V9 substitutions/site/year) is similar to that of other nuclear protein-coding genes, but the nonsynonymous rate (0.19 X 10m9 substitutions/site/year) is 6-19 times higher than that of mammalian actin genes. Relative rate tests indicate that actin genes are evolving at similar rates in monocots and in dicots. Evidence is also presented that some members of the maize actin multigene family have been involved in gene conversion events, that the potato genome contains 24 k 12 actin genes, and that potato and tomato diverged 11.6 k 3.6 MYA.
Introduction
Much is already known about the evolution of actins in mammals, invertebrates, insects, and other representatives of major lineages (reviewed in Sheterline and Sparrow 1994; Seagull 1989) . In angiosperms, however, only a few representatives of the actin multigene family have been cloned and sequenced, and little is known about their pattern and processes of evolution.
In angiosperms, actin is encoded by a relatively large, diverse, and dispersed multigene family comprising 8-40 genes (Bernatzky and Tanksley 1986a, 1986b; Baird and Meagher 1987; Nairn, Winesett, and Ferl 1988; McLean et al. 1988 McLean et al. , 1990 Drouin and Dover 1990; Reece, McElroy, and Wu 1992; Thangavelu et al. 1993 ). More than 100 actin genes are present in the petunia genome, but most of them are thought to be pseudogenes (McLean et al. 1990 ). As in most other eukaryotes, the multiple copies of actin genes in angiosperms are thought to allow a more diverse pattern of gene regulation, rather than direct the production of a large amount of actin (Hightower and Meagher 1986; Meagher 1991) . Based on the shared intron positions and the many short amino acid sequences unique to angiosperm sequences, it is believed that all angiosperm actin sequences are derived from a single ancestral sequence (Meagher 1991) . Relative to other nuclear genes, actin genes are highly conserved in both size and sequence (Li and Graur 199 1; Meagher 199 1; Reece, McElroy, and Wu 1992) . However, relative to mammalian actins, angiosperm actin genes show a greater sequence divergence. It has been suggested that angiosperm actins are evolving at the same rate as those in fungi and mammals, and that their relatively high sequence divergence is due to a more ancient origin (Meagher 1991; Reece, McElroy, and Wu 1992) .
This study focuses on the evolution of the actin multigene family in a group of taxonomically well-defined angiosperms to improve our understanding of the forces shaping their evolution. Phylogenetic analysis has been used to gain some understanding of the pattern of actin gene duplications during evolution, as well as to identify orthologous genes. These orthologues have been used to test for rate constancy and to determine rates of substitution.
These rates are compared to those of actin genes in ascomycete fungi and mammals. Relative rate tests have also been used to assess evolutionary rate constancy in angiosperm groups where orthologues have not yet been identified.
Materials and Methods

DNA Isolation and PCR Amplification
Genomic DNA was isolated from potato (Sokmum tuberosum), tomato (Lycopersicon esculentum), tobacco (Nicotiana tabacum), soybean (Glycine max), and maize (Zea mays) using a procedure adapted from Parsons, Bradshaw, and Gordon (1989) .
Actin sequences were amplified by the polymerase chain reaction (PCR) by mixing, in a 100~l.~l volume, approximately 150 ng of genomic DNA, 150 pmol each of the forward (5'-G(C/T)GA(C/T)AA(C/)GGIACIGG and reverse (5'-TC(A/G)TC(A/G)TA(UT) TCIIC(C/T) primers, 8 ~1 of 2.5 mM deoxynucleotide triphosphate (dNTP) mixture, 4.5 ~1 of 50 mM MgSO,, 10 p,l of 10 X Taq PCR buffer (Promega; 500 mM KCl, 100 mM Tris-HCl [pH 9.0 at 25"C], 1% Triton X-100). The mixture was boiled for 5 min, quenched on ice for 5 min, and centrifuged for 15 s before the addition of 0.5 unit of Tuq polymerase (Promega) and 3 drops of paraffin oil (BDH). PCR was carried out for 30 cycles of 1 min at 94"C, 1 min at 50°C (or 2 min at 54"C), and 3 min at 72°C. A final incubation of 15 min at 72°C was performed to ensure complete extension. 1982). DNA fragments were labeled with 32PdCTP using a random primer kit (Pharmacia) and were hybridized overnight at 42°C in 50% formamide, 5 X SSC (1 X SSC = 150 mM sodium chloride, 15 mM sodium citrate, pH 7.0), 5 X Denhardt's solution (1 X Denhart's solution = 0.02% polyvinylpyrolidone, 0.02% Ficoll, and 0.02% bovine serum albumin), 0.5% SDS (sodium dodecyl sulfate), and 100 kg sonicated salmon sperm DNA/ml. The membranes were washed three times, for 5 min each, in 2 X SSC and 0.1% SDS at room temperature, followed by three 1 0-min washes in 0.1 X SSC and 0.5% SDS at either 42°C (orthologous groups 1 and 4) or 60°C (orthologous groups 2, 3, and 5).
Cloning of PCR Fragments and DNA Sequencing PCR fragments were purified and made blunt-ended using the Double GeneClean protocol (BIO 101 Inc.). Blunt-ended PCR fragments were ligated into the Sma I multiple cloning site of the KS+ and SK+ Bluescript plasmid vectors (Stratagene) using T4 DNA ligase (Pharmacia).
The ligation products were transformed into the DHl 1 S strain of E. coli (Gibco BRL) according to standard protocols.
Single-stranded DNA for sequencing was prepared using M13K07 (Gibco BRL) as the helper phage. Both strands were fully sequenced following the dideoxynucleotide termination method (Sanger, Nicklen, and Coulson 1977) using the T7 primer and reaction conditions employing T7 DNA polymerase (Pharmacia) or Sequenase V2.0 (United States  Biochemicals Corp., Cleveland, Ohio). Other primers were used to sequence internal regions of the actin clones ( fig. 1 ).
Phylogenetic
Relationships Among Species
The phylogenetic relationships among the five angiosperm species examined are as follows: ((((Potato,Tomato)Tobacco)Soybean)Maize).
These relationships are well established from analysis of morphological traits and are based on the classification of Takhtajan (1980) . The Solanaceae family is classified in the Scrophulariales order and the three Solanaceae species we used are classified in two different tribes: tobacco is classified in the Cestreae tribe, and potato and tomato are classified in the Solaneae tribe (D' Arty 1979). Fossil pollen from the order Scrophulariales is first found in the middle Eocene 44-50 MYA (Muller 1984) . We used a divergence time of 40 MYA between the Cestreae and Solaneae since these two Solanaceae tribes would have diverged after the origin of the order in which they are found. Fossil pollen from the Fabales order (containing soybean) is first found in the Maestrichtian 65-69 MYA (Muller 1984) . We used a divergence time of 70 MYA between soybean and the Solanaceae species since the Scrophulariales lineage would have diverged from the Fabales lineage before the origin of the Fabales. Monocots and dicots are believed to have diverged from one another 130 MYA (Crane, Friis, and Pedersen 1995) . The oldest known land plant fossils are dated at around 400 MYA and the divergence between green algae and land plants will be assumed to correspond to this date (Stewart and Rothwell 1983) .
Sequence Alignments and Analysis DNA sequences were manipulated (i.e., introns and third bases of codons removed) and coding sequences translated using GDE, a sequencing processing program running on a SUN workstation. The plant actin sequences used were as follows: The aligned first and second bases of codons were used to construct parsimony and distance-based neighbor-joining phylogenetic trees using computer programs were calculated using NEIGHBOR.
Ten different runs, from the Phylogenetic Inference Package version 3.5~ running on a SUN workstation (PHYLIP; Felsenstein using different seed numbers, were performed using the 1993). The VoZvox actin gene sequence was used as the outgroup in all analyses. DNAPARS was used to search Jumble option. All bootstrap analyses were performed for the best tree using the ordinary parsimony option. One hundred jumbles were performed in 10 different using the SEQBOOT program to generate 100 data sets.
runs, using different seed numbers, by using the Jumble option. These were performed to change the order in CONSENSE was used to obtain majority-rule consensus which the sequences were read by the computer protrees.
gram. Genetic distances were calculated with DNADIST using Kimura's two-parameter model of nucleotide substitution, a transition/transversion ratio of 2.0, and one
The amino and carboxyl termini of plant actins are conserved. Based on this fact, degenerate primers were designed using the plant actin sequences already available. The sense primer (a 23-mer) hybridizes to the region from the first nucleotide of codon 12 to the first two nucleotides of codon 19 (in the first exon). The antisense primer (a 29-mer) hybridizes to the region from the first nucleotide of codon 357 to the first two nucleotide positions of codon 366 (in the fourth exon). Note that only the sequences internal to exon 1 and exon 4 were amplified and, thus, available for phylogenetic study.
-PCR was carried out at two different hybridization temperatures (1 min at 50°C or 2 min at 54°C) for each species to ensure that as many different products were amplified. The PCR products were divided into different size classes and 2-5 clones from each size class were partially sequenced to identify unique clones. A total of 44 unique genes were cloned: 8 from potato, 6 from tomato, 7 from tobacco, 12 from soybean, and 11 from maize. strands. These five incompletely sequenced genes were not submitted to GenBank. Two unique truncated clones, Soy1 17 and Soy 120, were fully sequenced on both strands and submitted to GenBank (accession numbers Clones Maz57 and Tom100 are unique full-length actins but were not fully sequenced on both strands due U60504 and U60501, respectively).
The fact that these to time constraints. Clones Maz3 1, Maz72, and Soy42 two clones were truncated is likely due to a PCR or are unique clones that represent either pseudogenes or truncated clones that were not fully sequenced on both cloning artifact, and full-length copies of these two
Relative Rate Tests quences evolve at the same rate relative to a known
The relative rate test is used to determine if segenes are likely present in the soybean genome. None of these seven sequences was used for phylogenetic inference.
reference taxon. The relative rate test was done according to the method of Li and Tanimura (1987) . To determine if actin genes are evolving at different rates in different taxa, the mean numbers of nonsynonymous substitutions (K,) and synonymous substitutions (KS) were calculated as described by Wolfe, Li, and Sharp (1987) . The Student's t statistic was used to test the null hypothesis that the relative rate differences were not significantly different from zero (Zar 1984) .
In doing multiple t-tests, it is possible that the null hypothesis can be rejected with a certain frequency just by chance. Because the null hypothesis was sometimes only two were identical to existing actin sequences. The potato clones Pot2 and Pot1 9 are identical in sequence Of the 44 actin genes characterized in this study, to Pot99 (a processed pseudogene) and Pot97, respectively Dover 1987, 1990 ). The Lincon Index to population size, a mark-recapture method, can be used to estimate the number of genes in the genome of a species based on the number of newly isolated genes that are identical to genes already in databanks (Ricklefs 1990, p. 287) . The formula is given by N = nM/x, where N is the total number of genes in the genome of a species, n is the number of genes present in sequence databanks, M is the total number of new genes cloned, and x is the number of sequence matches between sequences present in databanks and new genes cloned. The standard error of N is given by
Of the eight potato clones we isolated, two corresponded to the sequences of two of the six potato actin sequences already in GenBank; using the Lincon Index, we estimate that there are 24 + 12 actin genes in the genome of potato.
Introns
All functional angiosperm actin genes cloned and sequenced to date contain three introns located between amino acids 20 and 21, after the first base of the codon for amino acid 132, and between amino acids 356 and 357. This numbering system assumes that the first exon of angiosperm actin sequences contains 20 amino acids. With the exception of four potato clones (Pot2, Pot 19, Pot42, and Pot65) and the tomato clone Tom32, which lacked one or more introns (unpublished data), all the angiosperm actin clones sequenced here contained three introns in these locations.
Introns of angiosperm genes usually contain the canonical 5'-GT and 3'-AG dinucleotides at their ends (Perlman, Peebles, and Daniels 1990; White et al. 1992) . These dinucleotides are also found at the ends of all the actin genes sequenced here except for the second intron of Soy1 15 and Maz95 and the third intron of Pot46, Tom51, and Tob103, which have a GC dinucleotide at their 5' ends. The third intron of Tob104 and the first intron of Soy69 have an AT dinucleotide at their 3' ends. It is not known whether these changes affect the splicing of these introns.
Conserved Size of Coding Regions
The size of the actin coding region is known to be well conserved among eukaryotes (reviewed in Sheterline and Sparrow 1994) . In this study, only exons 2 and 3 were PCR amplified. The sizes of these two exons are conserved in most of the genes we sequenced, exon 2 and exon 3 being 394 and 614 nucleotides long, respectively. However, some genes are of different sizes. The potato clone Pot42 has a 12-bp deletion in exon 3 which does not affect the reading frame. The potato clone Pot65 has an inframe 3-bp insertion in exon 3 in the same region as the deletion in Pot42. The tobacco clone Tob71 has two 1-bp deletions in exon 2 which affect the reading frame by producing two stop codons. The maize clone Maz65 (GenBank accession number U605 12) has a 1-bp deletion in exon 2 and various others in exon 3 which affect the reading frame. Maz65 also has the highest G+C content of all the plant actin sequences known to date (see below). Thus, both Tob71 and Maz65 are likely pseudogenes.
The clone Maz65 was not included in the phylogenetic analyses because Molecular Evolution of Angiosperm Actin Genes 1201 actin genes). Actin nucleotide sequences vary by as much as 21%-25% both within and between species. This suggests that the actin multigene family is equally old in all lineages examined. The fact that this level of variation is also observed between the Volvox actin gene and all the angiosperm actin genes suggests that variation in nucleotide sequence between some angiosperm actin genes is saturated.
Actin sequences in angiosperms (not including Soy1 and Pot99) vary from 0%-14% at the amino acid level. Within a species, the variation in amino acid sequences is 0%-9% in potato (not including Pot99), 2%-12% in maize, 3%-8% in tobacco, 3%-l 1% in tomato, and 2%-9% in soybean (not including Soy 1). Again, the similar levels of variation within each species indicate that the gene families in these species are equally old. The difference between angiosperm actin amino acid sequences and the Volvox actin varies from 8%-16%. Amino acid sequence divergence of 9%-16% is observed in all comparisons with the soybean actin gene Soyl, suggesting that it may be a pseudogene.
In each species there are actin genes that are more similar, in both amino acid and nucleotide sequence, to actins of other species than to those within the same species (see also the phylogenetic trees in figs. 2 and 3). For example, the tomato actin genes differ from each other by more than 17% in their nucleotide sequence, yet Tom52 and Tom41 differ by only 2% from Pot79 and Pot97, respectively. Those genes that are more similar to actins from other species than to others from the same species may be orthologous (see below).
GC Content of Genes
The GC content of the angiosperm actin genes used in this study varies within a relatively narrow range of between 42% (Pot82) and 65% (Maz65). The average GC content of dicot actin genes (46.4% ? 1.7%) is significantly lower than that of monocot actin genes (53.7% + 3.5%; Student's t-test, P < 0.001). Despite the bias in GC content between monocot and dicot genes, there is no correlation between the GC content of the first (R2 = 0.091) and second (R2 = 0.038) bases of codons and that of the overall GC content of the gene. In contrast, the GC content at third positions of codons is highly correlated with the overall GC content of the gene (R2 = 0.986). Therefore, elimination of the third positions of codons from phylogenetic analysis is sufficient to eliminate any GC content bias in the data, and will ensure that genes will cluster on the trees because of common descent rather than due to a shared GC content. The difference in GC content between monocot and dicot actin genes is solely due to a GC bias at the third positions of codons, and suggests that monocot and dicot actin genes have different codon usage patterns. too many gaps were needed to incorporate it into the alipnment.
Phylogeny of Angiosperm Actin Genes Variation in Amino Acid and Nucleotide Sequences Thirty-four of the genes sequenced in this study were aligned with 18 existing actin sequences from Pairwise comparisons were made of percent amino maize, soybean, potato, tobacco, rice, pea, sorghum, caracid and nucleotide differences between 53 plant actin rot, and Arubidopsis. This alignment was used to gengenes (the Volvox carter-i actin gene and 52 angiosperm erate phylogenetic trees based on neighbor-joining and Orthologous genes from Solanaceae species (see text) are shown using bold branches. Note that, for consistency, we have changed the following gene names from those in the publications where they were originally reported: Soy1 = Sacl, Soy3 = Sac3, Mazl = Macl, Pot58 = PoAc.58, Pot71 = PoAc71, Pot75 = PoAc75, Pot97 = PoAc97, Pot101 = PoAclOl, Tob25 = TAc25, Aral = AAcl, Carl = DcAcl, Peal = PsAcl, Pea2 = PsAc2, Ricl = RAc 1, Ric2 = RAc2, Ric3 = RAc3, Ric7 = RAc7, Sgrl = SoAc 1. parsimony methods. Nucleotide sequences, rather than amino acid sequences, were used to construct trees because they had twice the number of variable and parsimony-informative sites. Because angiosperm actin genes are known to be monophyletic (Baldauf and Palmer 1993; Sheterline and Sparrow 1994; Drouin, Moniz de Sa, and Zuker 1995) , the Volvox actin gene was used to root all trees.
The order of sequence input had no effect on the topology of the tree obtained using the neighbor-joining method ( fig. 2 ). All 10 neighbor-joining analyses, using different seed numbers, gave identical topologies. In contrast, trees having different topologies were obtained in all parsimony analyses of the same data set when different orders of sequences input were used (results not shown). The nodes common to all 10 parsimony trees are indicated in figure 3 , which shows the consensus tree obtained from the parsimony bootstrap analysis. The fact that different topologies are obtained with different input orders of sequences might be due to the fact that there are only 138 parsimony-informative sites among the 684 sites of the 53 actin gene sequences used here. This data set likely does not contain enough informative sites to obtain a single most parsimonious tree. In fact, the 10 different parsimony analyses we performed using different seed numbers each produced from 25 to 83 equally parsimonious trees that required either 784 or 785 steps.
In both trees the bootstrap values are generally higher for external nodes than for internal nodes. The lack of bootstrap support for the internal nodes is likely due to the fact that not enough changes have occurred -Majority-rule bootstrap consensus tree from parsimony analysis of the first and second bases of codons of 52 angiosperm actin genes using the Volvox sequence as an outgroup. Numbers at the nodes represent the bootstrap values out of 100 replicates. Numbers that are followed by an asterisk represent nodes that were found in all 10 different analyses in which the gene input order was different (see text). Branch lengths are not proportional to the number of inferred substitutions. Orthologous genes from Solanaceae species (see text) are shown using bold branches. Gene names are as in figure 2. between duplication events to provide strong support for External nodes show several genes that always apthese nodes, or that there are conflicting signals. This pear together in both trees and for which there is good might explain why there is little congruence in the inbootstrap support. Interestingly, several of these clusters ternal nodes of these two trees. Their topologies suggest of actin genes have topologies that are similar to the that there might be two main lineages of angiosperm topology of the species tree. Thus, it could be that these actin genes, one group composed exclusively of dicot genes are related to one another through speciation actin genes and a second group composed of both monoevents and may therefore be orthologous. For example, cot and dicot actin genes. However, not all dicot actin both trees group the genes Pot66, Pot79, Tom52, and genes fall into these two main lineages. For example, Tob93 together, and the topology is the same as that for the Arabidopsis actin gene consistently comes out as the the known relationships of the species to which these sister group to all the other angiosperm actins. Also, in genes belong. If this is the case, the two potato genes the parsimony tree ( fig. 3) , the clade containing the three Pot66 and Pot79 are likely the result of a gene duplipotato actin genes Pot46, Pot71, and Pot75 does not fall cation in the potato lineage that occurred after the spewithin the two main lineages, but instead appears as the ciation event that gave rise to potato and tomato. In sister group to all other angiosperm actin genes, except total, five different groups of potentially orthologous the Arabidopsis actin.
genes have been identified (figs. 2 and 3). Identifying Table 1 shows the percent nucleotide sequence identity over a given overlap region as well as the Smith-Waterman scores for the pairwise comparisons of introns from putative orthologues. The Smith-Waterman score is an optimized score that takes into account the total number of nucleotide matches and mismatches, insertions and deletions, and the length of the sequence. The introns of putative orthologues from closely related species such as potato and tomato retain a high level of sequence similarity (over 84% in a region of 450-500 nucleotides) and gave high Smith-Waterman scores. The similar percent identity between the introns for three pairs of potato and tomato genes (Pot66/Tom52, Pot79/ Tom52, and Pot97/Tom41) is consistent with the hypothesis that these genes are orthologous.
The lineage leading to soybean and that leading to the Solanaceae are thought to have last shared a common ancestor about 70 MYA. Although angiosperm actin introns all show a relatively high A+T content, which might introduce a bias favoring high alignment scores, the aligned regions with more than 55% similarity over more than 150 bases between these two lineages are likely significant (see fig. 8 of Pearson and Lipman 1988) and indicate that these genes might be orthologous.
Gene Conversion
The above phylogenetic analysis of angiosperm actin genes shows that in some cases actin genes from the same taxa consistently group together. This could be the result of gene duplication events which occurred after speciation, or of gene conversion events.
To detect gene conversion among angiosperm actin genes, a computer program was developed (unpublished data) based on the method of Sawyer (1989) . Briefly, this program compares the distribution of silent polymorphic sites in the coding regions of all the aligned genes of a given species to that of a randomly generated data set. Using this method, significant gene conversion events were detected only between two pairs of maize actin genes, and not between all the currently known actin genes from potato, tomato, tobacco, and soybean. Alignment of both the coding and noncoding regions (introns) of the maize actin genes clearly shows the gene regions that have been subject to gene conversion events (figs. 5 and 6). The gene conversion event between the two maize genes, Maz56 and Maz81, is localized to the 3' end of the genes and spans, roughly, the last 130 bases of exon 3 as well as all of intron three ( fig. 5 ). Outside this gene conversion event, nucleotide substitutions are scattered along the coding sequence and, as expected, the intron sequences have diverged to a point where they can no longer be aligned. In contrast, only one nucleotide substitution is observed in the coding region where the gene conversion occurred. Even more striking is that only one nucleotide substitution is observed in intron 3, suggesting that the sequence similarity is definitely due to a recent gene conversion and not to a conservation of sequence due to selective constraints. Since only a relatively small portion of the coding sequence is involved in the gene conversion event, it explains why these two genes do not appear together in the phylogenetic trees with respect to other monocot genes.
Gene conversion is also detected between Maz56 and Maz63 ( fig. 6 ). This gene conversion event is more extensive than the one described above, also involving Maz56. This gene conversion event spans intron 1 through most of exon 3. Intron 3 is not affected by the gene conversion event and does not, as would be expected, show any similarity between these two genes. Since the gene conversion is large enough to homogenize most of the coding sequences between Maz56 and Maz63, it is not surprising that these two genes cluster together in the phylogenetic trees (figs. 2 and 3). The involvement of the maize actin gene Maz56 in both of the gene conversion events detected in this species might indicate that it is Maz56 that converted the two other maize actin genes. Li and Tanimura 1987) . Appropriate reference taxa were chosen based on the phylogenetic trees. In all cases the difference in rate estimated from Ki3 -KZ3 is not significantly different from zero (Student's t-test, P > 0.05). Thus, the genes within each orthologous group are evolving at the same rate at both their nonsynonymous and synonymous sites. To determine if the rates of evolution in actin genes differ between species or between monocots and dicots, the mean number of nonsynonymous differences for actin genes within each species was calculated relative to the Volvox actin gene, and these numbers were used in relative rate tests (table 3) . The results indicate that actin genes in almost all the lineages studied here are evolving at similar rates. The rice actin genes appear to be evolving significantly faster than the actin genes of potato at a level of 5% but not at the Bonferroni corrected level of 0.33%. It is noted however, that, although not significantly different from zero, the actin genes of monocots seem to evolve slightly faster than those of dicots. Rate differences at synonymous sites could not be determined using the Volvox actin as the reference taxon due to saturation at these sites. Table 4 shows the number and rate of synonymous (K,) and nonsynonymous (K,) differences between putative orthologues. The 13 independent estimates of the rate of synonymous and nonsynonymous substitutions are similar. The nonsynonymous rates calculated from the 70-Myr divergence time between soybean and the Solanaceae (0.21 X lop9 substitutions/site/year) are not statistically different from those calculated for the 40-Myr divergence time between tobacco and potato and tomato (0.17 X 10e9 substitutions/site/year (Student's t-test, P > 0.05). This is consistent with the idea that the genes used to calculate the rates are orthologues and that dicot actins are evolving at a similar rate. year and 0.19 X 1O-9 substitutions/site/year, respectively. The synonymous substitution rate for angiosperm actin genes agrees well with that for other plant nuclear genes (Wolfe, Li, and Sharp 1987) and other eukaryotic nuclear genes (Li and Graur 1991) . However, the rate of nonsynonymous substitution in angiosperm actin genes appears to be 6-19 times higher than in mammalian alpha and beta actin genes. Li and Graur (1991) calculated, using rodent and primate genes, the rate of nonsynonymous substitution for alpha and beta actin genes to be 0.01 X lop9 + 0.01 X 1 0w9 substitutions/ site/year and 0.03 X 10m9 + 0.02 X lop9 substitutions/ site/year, respectively. To assume that the rates are equal in angiosperm and mammalian actins would imply that tobacco diverged from the lineage leading to potato and tomato from 280 MYA (using a rate of 0.03 X lop9 substitutions/site/year) to 840 MYA (using a rate of 0.01 X lop9 substitutions/site/year).
Relative Rate Tests
Rates of Evolution
These times are well before the generally accepted date of 130 Myr before present for the divergence time between monocots and dicots (Crane, Friis, and Pedersen 1995). Average rates (from all 13 independent calculations) of synonymous and nonsynonymous substitutions
The average rates of substitutions were also calfor dicot actin genes are 6.96 X lop9 substitutions/site/ culated from single-copy actins from a number of ascomycete fungi whose times of divergence have been established (table 5; Berbee and Taylor 1993) . The average nonsynonymous rate of substitution was found to be 0.13 X 1O-9 substitutions/site/year, not statistically different from that of angiosperm actin genes (Student's t-test, P > 0.05). The average synonymous rate (2.9 X 10P9 substitutions/site/year) appears to be a little lower than that of angiosperm actin genes, perhaps the result of a more biased codon usage in ascomycete fungi than in angiosperms.
Discussion
Actin Gene Copy Number
Based on the number of actin genes we cloned from potato in this study and the two matches with those already present in the GenBankEMBL databases, we have calculated that there are 24 + 12 actin genes in the potato genome. These estimates are consistent with previous Southern blot analyses that revealed at least 25-30 actin genes in the tobacco, potato, and soybean genomes, and that the tomato genome might contain as many as 40 actin genes (Bernatzky and Tanksley 1986a, 1986b; Thangavelu et al. 1993 ).
Conservation of Angiosperm Actin Introns
All angiosperm actin sequences contain three introns at identical locations. This study almost tripled the number of actin genes available for angiosperms and yet no new intron locations were identified. The number and location of introns in angiosperms are unique among have been identified among angiosperm species. The previous suggestion that the Arubidopsis gene Aral and the rice gene Ricl may be orthologous is not supported by any of the phylogenetic trees presented here (Reece, McElroy, and Wu 1992) . The identification of orthologous genes is important because they can be used to determine the rate of gene evolution if the species divergence times are known (see below).
Using Actin Genes to Infer Angiosperm Phylogeny
One conclusion that can be drawn from this study is that actin genes are not suitable for use in elucidating the phylogenetic relationships of angiosperm species. There are at least three reasons for this. First, actin genes are relatively too highly conserved, and given the size of the coding sequence as well as the time scale involved in the divergence of different angiosperm taxa, not enough variation has accumulated in these sequences to give unambiguous phylogenetic results. In fact, given the nonsynonymous rate of 0.19 X 10e9 substitutions/site/year, and the fact that there are roughly 690 nonsynonymous sites in a typical angiosperm actin gene, a divergence time of 130 Myr will lead to only 17 nonsynonymous substitutions during this time interval. Second, the actin multigene family underwent many gene duplication events early in the evolution of angiosperms.
The relatively conserved nature of actins compounds this problem, resulting in many deep nodes that are separated by very small distances ( fig. 2) . As a consequence, there will be a lot of stochastic errors resulting in branches with very low bootstrap values. In fact, we observed that the distances separating the deep nodes are often smaller than their standard errors (results not shown).
Finally, we now know that there is gene conversion between some angiosperm actin family members. This will further confound phylogenetic analysis by obscuring orthologous relationships (see below). Although gene conversion can likely occur between members of any multigene family, the large size of the actin gene family in angiosperms makes it unlikely to obtain the sequences of all the gene members of a given species. It is therefore impossible to detect all gene conversion events and to ascertain the bias they will introduce in phylogenetic inference. Thus, another protein, encoded by a single-copy gene or by a much smaller gene family whose orthology among various species is unambiguous, whose rate of evolution is appropriately faster, and where one could detect all gene conversion events would be of better use for studying the phylogenetic relationships of angiosperm species. These studies would be best performed on diplo'id species. We have used economically important species because some actin gene sequences were already available from them. However, potato, tobacco, and soybean are known tetrapldids and gene numbers in these species might not be representative of those in wild species.
Gene Conversion in Maize Actin Genes
Gene conversion is the nonreciprocal exchange of genetic information between closely related DNA sequences and is a well-documented phenomenon in eukaryotes (Arnheim 1983) . The net effect of gene conversion is the sequence homogenization of the members of a gene family. Within a taxon, gene family members that are undergoing gene conversion will, depending on the extent of sequence homogenization, cluster together on a phylogenetic tree rather than with their orthologues from other taxa (Sanderson and Doyle 1992 , and references therein). Thus, gene conversion can obscure evolutionary relationships.
The phylogenetic analysis of angiosperm actin genes presented here showed that, despite the fact that the actin multigene family underwent several gene duplication events that preceded the monocot-dicot divergence, most of the monocot actin genes clustered together on the tree, and no obvious orthologues to dicot actin genes were found. This clustering of the monocot actin genes suggests that these sequences may have undergone concerted evolution early in the evolution of monocots. Two relatively recent gene conversion events were detected between the maize actin genes, one between Maz56 and Maz63 and another between Maz.56 and Maz81. The algorithm used to identify gene conversion events is very stringent (Frederic Prat, personal communication) , and it is possible that much older gene conversions have occurred but were not detected because numerous substitutions had time to occur in the gene regions that were converted. The fact that we did not detect gene conversion events between potato actin genes is consistent with the previous study of Drouin and Dover (1990) , who used a different (compatibility) method to search for gene conversion events.
Rates of Actin Gene Evolution
The relative rate test was used to show that the rate of nonsynonymous substitution in actin genes is similar in monocots and in dicots. Rate differences have been reported, especially between different animal groups (reviewed in Li 1993b), as well as between mitochondrial, chloroplast, and nuclear genomes (Wolfe, Li, and Sharp 1987) . In plants, studies of the chloroplast-encoded gene, ribulose-1 $biphosphate carboxylase large subunit (rbcL) (Bousquet et al. 1992; Frascaria et al. 1993; Gaut et al. 1992) , as well as other chloroplast genes (Wolfe, Li, and Sharp 1987; Gaut, Muse, and Clegg 1993), have shown that considerable heterogeneity exists in the rates of synonymous and nonsynonymous substitutions.
In general, it was found that the rate is faster in monocots than in dicots, and higher in annuals than in perennials. In addition, the rate heterogeneity is more pronounced at nonsynonymous than synonymous sites. However, lineage-specific rate differences have not been detected among plant nuclear-encoded genes (Wolfe, Li, and Sharp 1987; Bousquet et al. 1992) .
The rates of synonymous and nonsynonymous substitutions were calculated from 13 independent comparisons of sequence divergence between orthologous genes separated in time for 40 and 70 Myr (table 4) . Although the putative angiosperm actin orthologues were identified on the basis of their position on the phylogenetic trees, both Southern analysis (fig. 4) , and intron sequence similarity (table 1) are consistent with their status as orthologues.
While the average synonymous rate of substitutions (6.96 X 1O-9 substitutions/site/year) is comparable to that observed for mammalian nuclear genes (4.61 X 10m9 substitutions/site/year; Li and Tanimura 1987; Li and Graur 1991) and plant nuclear genes (from 5.0 X 10m9 to 30.0 X 10m9 substitutions/site/year; Wolfe, Li, and Sharp 1987) , the average nonsynonymous rate of substitution (0.19 X 10m9 substitutions/site/year) is 6 19 times faster in dicot than in mammalian actin genes (from 0.01 X 10m9 to 0.03 X 10m9 substitutions/site/ year; Li and Graur 1991) . On the other hand, the rate of nonsynonymous substitutions is not statistically different between angiosperm and fungal actin genes (tables 4 and 5).
Our results suggest that the greater variation in actin amino acid sequence within angiosperms, compared to those of mammals, is due to faster rates of substitution rather than a more ancient origin. These results are contradictory to previous studies that suggested that actin genes are evolving at the same rate in both angiosperms and mammals, and that the greater variation in amino acid sequence observed among angiosperm actins was due to the more ancient origins of the actin gene family in angiosperms than in mammals (Hightower and Meagher 1986; Reece, McElroy, and Wu 1992) . It has previously been proposed that the diverse actin gene types present today arose concomitant with the numerous cell types present in vascular angiosperms, and that their evolution has been preserved throughout evolution because they have unique patterns of gene regulation or encode proteins with unique functions (Meagher 1991; Hightower and Meagher 1986) . However, the results from this study indicate that the diversity of actin types observed today occurred well after the origin of angiosperms. In fact, the relatively high rate of substitutions of angiosperm actin genes suggests that they evolve under much weaker selective constraints than those of mammals. Furthermore, it is not clear why angiosperms would need more diverse actins performing more diverse functions as opposed to mammals, which have more varied tissue types and yet possess fewer functional actins with lower sequence diversity (Reece, McElroy, and Wu 1992; Sheterline and Sparrow 1994). While it is true that different subfamilies of angiosperm actin genes are differentially regulated (Hightower and Meagher 1985; McLean et al. 1990; Meagher 1991; Thangavelu et al. 1993; Wolf and Timko 1994) , there might not be a strong conservation in function spanning the whole range of angiosperm actin gene evolution. In fact, recent studies suggest that the fern actins are all constitutively expressed in all tissues (Debashish Bhattacharya, personal communication).
Additional expression studies need to be performed to address this issue more fully.
Using the estimated rate of nonsynonymous substitutions between tobacco and either tomato or potato (0.21 X 10e9 substitutions/site/year) and the estimated number of nonsynonymous substitutions between three pairs of orthologous genes from potato and tomato (Tom41/Pot97, Tom52/Pot66, and Tom52/Pot79; table 4), the divergence time of these two species is estimated to be 11.6 + 3.6 Myr. A close relationship between potato and tomato has previously been documented based on morphological and molecular data (D' Arty 1979; Martin et al. 1986; Borisjuk et al. 1994) . In fact, it has been suggested that the tomato group should be included in the genus Sohum rather than classified as a separate genus (Borisjuk et al. 1994) .
The work presented here has laid the groundwork for further characterization of the evolution and function of actin genes in angiosperms.
The identification of orthologues from angiosperm species of varying divergence times should enable one to address many unanswered questions. For example, why are angiosperm actin genes under less evolutionary constraints, as deduced from their faster rates of evolution, than those of mammals? Does the greater diversity of angiosperm actin amino acid sequences relative to those of mammals mean that actins perform more diverse functions in angiosperms than in mammals? Are the gene experssion patterns of orthologous members of this multigegene family conserved in different species?
